l'Ol)lJSt set of nematode inspection Procedures, including soil samples collected and composited on a 1/4-acre basis in the field followed by nematode assessments on several hundred bare-root plants per acre at hat-vest, can be conducted in place of approved fumigation treatments. However, if economically important nematodes are found in the soil or on roots, the whole lot or block represented by that sample cannot he certified and sold for commercial farm planting (CI) FA, 2008b) . These regulations have been enacted to ensure that soil-borne pests and pathogens are not spread from infested field nurseries and that establishment and vigor of new fruiting fields is not compromised. For decades, preplant soil fumigation with meth yl bromide (MB) has been used in open field perennial fruit and nut crop nurseries to meet this regulation as vell as to provide control of other soil-borne pests (Schneider et al., 2003) . While parasitic nematodes are the primary Pest target for fumigation in open field nurseries, weed control is an important consideration for producers because of relatively few selective herbicide choices and the high costs of hand weeding (Hanson and Schneider, 2008; Shrestha et at, 2008) .
'['he production cycle for open field production of perennial fruit and nut crop nursery stock can vary considerably among crops and growers (Schneider et al., 2009 ). However, a common nursery production rotation includes a 1 -'ear fallow or cover crop, 1 or 2 years of rotational crops, and a 1 -to 3-year nursery crop. Because fruit and nut plants are subject to infection by a number of soil-borne pests, including the pathogens Pvthium Spp. and Verticillium dahlia, parasitic nematodes such as lesion nematode (Prcztilenchus spp.) , rootknot nematode, and dagger nematode
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III
Compared with MB, many potential alternatives provide consistent control over a narrower spectrum of pests and pathogens and are more sensitive to soil conditions (DLLni\vav, 2002) . For Sonic soil texture and soil moisture conditions, 1 ,3-dichloropropene (1,3-1)) is an approved soil treatment for certified nursery production in California (CDFA, 2008a) . However, the maximum use rate of 1,3-D in California (332 lb/acre) does not provide sufficient nematode control in nurseries with fine-textured soils (McKcnrv, 2005 (Becker et al., 1998; Eavre et al., 2000; Schneider et al., 2005; Shrestha et al., 2008) .
The objective of the trial reported here was to evaluate pest control efficacy and crop safet y with several registered and experimental alternatives to MB in a diverse perennial fruit and nut crop open field nursery.
Materials and methods
A trial was initiated in 2001 in a commercial nursery near Visalia, CA, in a field known to have significant levels of root-knot nematode. The previous corn (Zen ma ys) crop was removed in Sept. 2001 and the field was prepared using standard commercial practices. The field included two soil types: a Grangcvih!e sandy loam (pH 7.2, organic matter 0.6%) and a Nord fine sand y loam (pH 7.5, organic matter 0.9%). Fumigant treatments included MB, Pie, and premix combinations of 61% 1,3-D:35% Pie (1,3-D:Pic), 30% iodomethane:70% Pie (IM:Pic 30:70), and 50% iodomethane:50% chloropicrin (IM:Pic 50:50) ( Table 1 ). The MB plots were sealed with a 1 -mil highdensity polyethylene (HDPE) tarpaulin. Each MB alternative was applied with (tarped) and without (untarped) H1)PE. Each treatment combination and an untreated control were ineluded in four blocks in a randomized complete block design with 22 x 100-ft individual plots. All treatments were shank-injected and were applied by a commercial applicator (Tr-Cal, Hollister, CA) on 23 Oct. 2001. A Noble plow rig was used to apply all tarpcd treatments at a depth of 12 inches and simultaneousl y install the HI)PE in a single operation. The deep shank rig used for untarpcd IM had a 20-inch injection depth and shank spacing of 5.5 ft while the Telonc rig used for the untarped I ,3-L):Pic and Pie treatments had shanks spaced 20 inches apart and a 20-inch injection depth. Soil temperature at the time of fumigation was 66 °F at 12 inches and soil moisture ranged from 10,0% to 11.3% (w/w) from the surface to a depth of 5 ft. HDIE tarps were removed 7 d after fumigation.
Ten tree, nine grape, and five bramble nursery crops were planted in single-row subplots between 13 March and 4 Apr. 2002 (Table 2) . Tree cuttings or seed and bramble cuttings were planted in 10-1-t subplots with 16 to 20 plants per plot, and grape cuttings were planted in 6-ft subplots with 11 to 14 plants per plot. Rows were spaced 6 ft apart, and each fumigation main plot had two rows of trees and one row each of grape and bramble nursery stock.
At planting, soil samples were collected with a 3-inch-diameter bucket auger from the center of each plot in 12-inch increments to a depth of 5 ft. Soil samples were thoroughly mixed and a 250-cm 3 subsample was extracted using the sieving/Baermann fun nel protocol that recovers only those nematodes that could he viable as plant parasites (Flegg and Hooper, 1970; Barker, 1985) . The nematodes in each sample were identified and counted under a microscope and the data were standardized to a 100-cm' volume of soil. Nematode counts were transformed using [ln(x + 1)] to stabilize the variance (Noe, 1985) ; however, data presented are antilogs of the means. Nematode control, weed control, plant vigor, and harvest data were anal yzed using analysis of variance (ANOVA) and treatment means were separated by Fisher's protected least significant difference procedure at P < 0.05 (SAS version 9. 1; SAS Institute, Cary, NC).
In Oct. 2002, established plants were counted in each tree, vine, and bramble subplot, and the data were converted to percentage of establishmcnt. Relative weed control was evaluated in Mar. 2002 (before planting) and in Oct. 2003, which was 5 and 24 months after treatment (MAT), respectively. Weed pressure at each date was scored on a 0 (no weeds observed) to 5 (solid mat of weeds in the plant row) weed control index.
In Dec. 2002, soil samples were collected with a I -inch-diameter sampling tube to a depth of 24 inches in each of the grape and bramble 'MB meth y l bromide, 1,3-D = 1 ,3-dichloropropcnc, Plc = citloropicrin. IM = odomethane, tarped = covered with high densit y polyethylene (1-1 l)i'E ) 1dm, untarped = no HDPE turn. 'Fumigant rites shown are based oil cylinder weights taken before and after treating each plot. Actual rates varied from target rates due to pass-to-pass variability inherent in using large equipment on relativel y small experimental plots; 1 lb/acre 1.1209 kg-ha'.
'Noble plow rig svas conflgurrd to inject fitmigants at a 12-inch (30.5 cm) depth through noceirs spaced 12 inches apart while simultaneously installing a I -ml! 25.4 pin)
1 ID ['F tarp. The Telone rig was set up to inject litmigants at a 20-inch (50.8 cm depth throUgh shanks spaced 20 inches apart. The deep shank rig used for JM:Pic treatments injected the fitinigants at a 20 inch depth through shanks spaced 5.5 F (1.68 ml apart. subplots and nematodes were extracted from a 250-en' subsample using the sieving/sugar flotation/ centrifugation protocol with a 500 mesh sieve ( 1 25-pin opening) (Barker, 1985; Jenkins, 1964) . Grape and bramble plants were mechanically harvested in Dec. 2002 (9 months after planting, 14 MAT) and were evaluated according to commercial nursery standards into two saleable categories (#1 and #2) and nonsalahlc plants. During harvest, a representative root sample was collected in each subplot and a 20-g subsample was removed and processed for nematode extraction using the mist chamber protocol for S d (Barker, 1985) .
Data were analyzed as previously described. In Dec. 2003, near the end of the second growing season, soil samples were collected in each fruit and nut tree subplot, and nematodes were extracted and evaluated as previously described. All trees were mechanically harvested and evaluated for vigor and quality. Trunk diameter was measured and each root system was visually assessed for galling. Root samples were collected and a 20-g subsample was removed for nematode evaluation and processed as previously described.
Results
Before planting the nursery crop in Mar. 2002 ) weed density was highest in the unfumigated plots and lowest in all tarped treatments except tarped Pie (Table 3) . Untarped treatments and tarped Pic had intermediate weed densities that generally consisted ofwinter annual weeds such as mallow (Malva spp.), fiddleneck (Amsinkia spp.), fillaree (Erodium spp.), and annual bluegrass (Poa annua). Although not statistically significant, these trends in weed control were still present 18 months later, before harvest of the tree varieties (data not shown).
The predominant parasitic nematode found in the samples collected at planting was root-knot nematode. Root-knot nematode levels were significantly higher at all depths in the untreated control compared with all other treatments (Table 3) . Nematode levels in all chemical treatments were statistically the same as MB at all depths except for IM:Pic 50:50, at 0 to 12 inches. Although not always statistical iv different from zero, detectable levels of nematodes were observed at planting in the top 12 inches of the two untarped TM: Pic treatments and in the lower depths of the tarped 1,3-D:Pic, IM:Pic 50:50 untarped, and tarped Pic treatments.
The seeded peach (Prunis persica) rootstocks 'Nemaguard' and 'Lovell' are usually planted in the fall, and these two species did not establish in an y plots, most likel y due to inadequate vernalization of the seed following planting in March. In Oct. 2002, there were no statistical differences in the number of established tree, vine, or bramble varieties among treatments (P= 0.05). There was also no clear benefit of the tarped fumigant applications on crop establishment. However, plant survival varied greatly among replications in some species, which max' have masked any effects of fumigation treatment.
At grape and bramble harvest in Dec. 2002, there were no statistical differences in average grape trunk diameter among treatments (data not shown), although substantial natural variability in plant size within a subplot was noted. There were few effects on the grade of either bramble plants or grapevines that could be attributed to fumigation treatment. When differences in commercial grade were observed, it was usually due to an increase in low-grade plants in the unftimigated plots compared with all fumigation treatments rather than differences among fumigation treatments and was highly correlated to root galling from nematode activity (see below).
The patchy nature of root-knot nematode populations resulted in a significant (P = 0.05) treatment by replicate interaction for most vine and bramble species, making statistical separations of root infestation at harvest difficult. However, substantial numbers of root-knot nematodes were recovered from the roots of most grape varieties in plots treated with untarped IM:Pic (both formulations) and untarped Pie (Table 4 ). A few highly susceptible grape and bramble varieties also hosted low levels of the root-knot nematode in other treatments as well (Table 4) . Similar trends were observed for the five bramble varieties (data not shown). Levels of root-knot and other nematodes isolated from the soil samples followed the same general trends as shown for the root-knot nematodes isolated from roots and are not presented here.
After an additional growing season to reach marketable size, fruit and nut tree nursery stock was No phvtotoxicity was observed for an y treatment/tree species combination. At harvest, trees were divided into 11 trunk diameter sizes ranging from 1/4 to 2 inches. No significant differences in trunk size distribution among treatments were observed for any tree variety nor were an y consistent trends with respect to presence or absence of a tarp noted (data not shown).
Similar to the vine and bramble harvest data from 2002, there was a significant treatment by replication interaction in root-knot nematode levels in the tree subplots ( P = 0.05). This again made it difficult to statistically differentiate among levels of root-knot nematodes isolated from soil or tree roots. However, no nematodes were detected on tree roots from the MB, untarped 1,3-1):Pic, or tarped IM:Pic 30:70 treatments (Table 5) . Conversel y , low to moderate levels of root-knot nematodes were noted in every tree variety except apple (Ma/us xdomestica) in the untreated plots. Compared with the other tree varieties, 'Wonderful' pomegranate (Punica granaturn) appeared to he more susceptible to root-knot nematode infestation. Levels of root-knot nematodes isolated from soil samples followed the same trends as shown for nematodes isolated from roots and arc not presented. Table 1 and included: MB:Pic, tamed 98% methy l hroniide:2% ehlnropicrtn at 512 lb/acre (1 lb/acre 1.1209 kg-Isa I); 1,3 . D:Pic. untarped 61% 1,3 diehloropropeite:35% chloropicrin at 334 lb/acre; 1,3-1-):Pie, tarped = 61% 1 ,3 . dichloropropene:35% chloropicrin at 381 lb/acre; IM:Pic 30/70, untarped = 30% iodomethane:70% chlc,rct 1 ,icrin at 400 lb/acre; IM:l'ie 30170, tarped = 30% iodomethanc:70% ehloropieriti at 427 lb/acre; IM:Pic 50/50, untarped = 50% todomethane:50% chloropicrin at 367 lb/acre; IM:Pic SO/SO, tarped = 50% iodometliane:50% chloropictin at 358 lb/acre; Pie, uittarped = 99% chloropicrin at 35$ lb/acre; and Pie. tarped 99% chloropicrin at 475 lb/acre; tarped = covered with high density pol yeth ylene (HOPE) film; untamed = no HOPE flInt. I nensati de/2 0 g 1.4175 nensatode/tsz. 'Statistical analy ses conditcted on log tr.tnsfisritied [ lu n * 1 data; however, data presented are the measts of the tiiitranstsrmed values.
-

Discussion
The results of this trial suggest that there is an adequate level of crop safety for spring-plantcd nursery crops following tll fumigation with IM:Pie and 1,3-L):Pic treatments; the safety of fall planted nursery crops to these treatments was not tested. Weed and root-knot nematode control generally was better in tarped treatments compared with un tarped. Weed and shallow nematode control may have been enhanced b y tarped applications due to increased retention of the fumigant in the shallow soil layers resulting in an adequate time-concentration dose of the fumigant (Wang et al., 2004) . Additionally, the tarped treatments were all applied with the Noble plow rig (12-inch injection depth, 12-inch nozzle spacing), whereas the untarped treatments were applied at a 20-inch depth through nozzles spaced 20 (Telone rig) or 66 (deep shank rig) inches apart, which likely affected fumigant distribution through the soil profile. If untarped fumigant applications are used in perennial fruit and nut crop nurseries, additional control strategies such as herbicides and nematicidcs likely will be required to control pests near the soil surfce (Hanson and Schneider, 2008; McKenrv, 2005) .
Deeper application of the alternative frimigants (Telone rig or deep shank with 20-inch injection versus Noble plow with 12-inch injection) often resulted in better nematode control at the lower soil depths. For example, shallow-injected I ,3-D:Pic (tarped, Noble plow application) likel y did not result in a sufficient fumigant concentration at the 36-to 60-inch depth to completely control nematodes, as has been documented in other cropping systems (Westphal et al., 2004) .
Under the conditions of this trial, no untarped application of any alternative fumigant provided a sufficient level of nematode control for the California nurser y industry. While several of the tarpcd treatments provided root-knot nematode control that was statisticall y similar to MB, only MB consistently reduced nematode levels below detection limits. Tarned applications of IM:Pie (both formulations) and Pie provided rootknot nematode suppression at least as good as tarped I ,3-D:Pic, which is already approved for California nursery use in some soil types; thus, these alternatives should be considered for regulatory approval in this industry.
Although man y high-value agricultural sectors in the United States and around the world have historically relied on preplant fumigation with MB, the perennial fruit and nut plant nursery industry faces a comparativel y difficult transition to alternative pest control strategies. This industry group must meet stringent phytosanitary requirements to ship and sell their crop interstate and internationall y . Economic thresholds for nematode or disease infestations that may he used in decision making in other commodities are not applicable to producers of nursery stock. In nursery cropping systems, the standard for certification of the harvested crop is "below detection." If root-knot or other parasitic nematodes are detected in harvested plants, the result may be 100% crop loss (nonsaleable crop) in that field or management unit . Additionall y , long growing cycles (1-3 years in some cases) require very effective nematode control deep into the soil profile to delay reinfestation before harvest. Finall y , the diversity of nursery crop species, rootstock/scion combi nations, and cultural practices, as well as the high value of the crop, require substantial crop safety research before growers can be expected to adopt an alternative treatment. Considerable research on alternative fumigants, fumigant application s ystems, and cropping systems, as Nvell as changes in state and federal regulations related to nursery stock certification and environmental quality are needed before this industr y can completely transition away from MB use.
